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A  method  for  measuring  thermal  strains  In  composites  w as  developed.  Strains  Induced 
by  residual  stresses  In  a  gross -ply  graphite  epoxy  specimen  were  observed.  U,  V  and  W 
displacement  fields  were  re'veaTea  using  high  sensitivity  moire  and  classical 
Interferomery .  A  specimen  grating  was  replicated  on  a  composite  at  Its  stress-free  cure 
temperature  (250°?)  and  deformations  were  observed  at  room  temperature.  The  method 
determines  normal  strains  on  a  relative  basis  and  shear  strains  on  an  absolute  basis.  A 
strong  free-edge  effect  was  observed;  Interlaminar  shear  strains  of  It  were  recorded  near 
the  free  edge.  Anomalous  variations  of  strains  in  plies  of  the  same  fiber  direction  were 
observed  throughout  the  specimen. 

1.  INTRODUCTION 

The  thermal  coefficients  of  expansion  for  each  ply  of  a  laminated  composite  material 
are  smaller  In  the  longitudinal  fiber  direction  and  larger  In  the  transverse  direction. 
These  composites  are  cured  at  elevated  temperatures.  In  the  case  of  a  multi-ply  laminate 
with  different  fiber  directions  In  successive  plies,  the  composite  Is  stress-free  at  the 
curing  temperature.  In  cooling  to  room  temperature,  however,  each  ply  constrains 
(decreases  or  Increases)  the  thermal  contraction  of  Its  neighbor  and  residual  stresses  are 
developed. 

The  objective  of  this  study  was  to  reveal  the  deformations  Induced  by  these  thermal 
stresses.  A  technique  was  developed  to  obtain  the  U  and  V  displacement  fields  by  high 
sensitivity  noire  Interferometry,  and  the  W  field  by  classical  Interferometry.  The 
technique  Is  Illustrated  for  a  cross-ply  composite. 

Mechanical  mismatch  of  thermal  and  mechanical  properties  also  exist  between  the  fiber 
and  matrix  materials.  Residual  strains  are  developed  on  the  Individual  fiber  scale.  These 
are  not  studied  here,  but  instead  the  behavior  at  the  next  higher  level,  the  ply  level.  Is 
Investigated.  Differences  In  displacements  of  neighboring  piles  are  studied. 

2.  SPECIMEN 

The  specimen  was  cut  from  a  thick-walled  pressure  vessel  of  graphite-epoxy  as 
Illustrated  In  Pig.  1.  Its  stacking  sequence  was  [90p/0]27,  where  the  0  deg  fibers  were 
parallel  to  the  axis  of  the  cylinder  and  the  90  deg  fibers  were  parallel  to  the  hoop 
direction.  The  composite  was  cured  at  250°F.  After  curing,  but  still  at  250°F,  the 
material  was  assumed  to  be  free  of  residual  stresses. 

3.  EXPERIMENTAL  STUDY 

A  high  frequency  diffraction  grating  was  replicated  on  the  specimen  at  the  cure 
temperature  of  the  composite  (250°P).  In  this  case  a  crossed-llne  1200  lines/mm  grating 
was  U3ed.  Figure  2  Illustrates  the  procedure.  Silicone  rubber  (Sylgard  18^  by  Dow 
Corning)  was  used  as  the  replicating  material.  First  a  silicone  rubber  primer  was  applied 
to  the  face  of  the  specimen.  The  specimen,  and  also  a  holographic  grating  called  a  mold, 
were  heated  to  250°P  In  a  convection  oven.  The  liquid  silicone  rubber  was  then  applied 
between  the  specimen -and  mold  and  squeezed  to  a  thin  (•  25  urn)  film.  This  operation  was 
done  quickly  to  minimize  temperature  changes.  After  2  hours  at  250°?,  the  silicone  rubber 
had  cured.  While  still  at  250OV,  the  excess  silicone  rubber  around  the  specimen  was  cut 
with  a  razor  and  the  mold  was  pried  off.  This  was  done  at  the  elevated  cure  temperature. 

The  specimen  was  then  cooled  to  room  temperature.  Whole-field  ln-plane  displacements 
were  recorded  by  high-3ensltlvlty  moire  Interferometry  [1],  using  a  virtual  reference 
grating  of  2U00  llnes/mm.  A  four-beam  Interferometer  illustrated  If  Pig.  3  was  used  to 
obtain  the  U  (horizontal)  and  V  (vertical)  fields.  The  basic  relationships  of  moire 
Interferometry  are  given  In  the  figure.  The  out-of-plane  W  displacement  field  was  recorded 
using  a  Twyman-Oreen  Interferometer  [2],  Illustrated  In  Pig.  The  0  order  reflection 
from  the  specimen  grating  comprised  the  Information  beam;  this  Interfered  with  a  plane 
wavefront  from  the  reference  mirror  to  produce  a  contour  map  of  the  specimen  surface. 
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fringe  patterns  of  the  U,  V  and  W  displacement  fields  are  shown  In  Figs.  5,  6  and  7, 
respectively.  They  represent  the  specimen  at  a  room  temperature  of  70°P.  As  the  specimen 
cooled  from  250op,  Its  size  and  shape  changed.  The  shape  changed  because  of  residual 
stresses  that  caused  stress-induced  strains.  The  3lze  changed  because  of  thermal 
contractions  plus  resldual-stre3s-lnduced  strains. 

The  displacements  associated  with  thermal  contraction  were  not  monitored  In  this 
work.  It  Is  easy  to  appreciate  that  the  Twyman-Oreen  Interferometer  pattern  gives  the 
topography  of  the  specimen  surface  at  room  temperature.  Assuming  the  grating  surface  was 
flat  at  250°F,  this  gives  the  relative  W  displacement  of  the  surface,  l.e.,  the 
displacement  of  any  point  on  the  surface  relative  to  the  displacement  of  some  reference 
point  on  the  surface.  It  does  not  reveal  the  absolute  change  of  thickness  (z  direction)  of 
the  specimen. 

In  a  similar  way,  the  U  and  V  fields  give  relative  displacement  Information.  For  the 
room  temperature  observations,  the  virtual  reference  grating  frequency  was  not  fixed  with 
respect  to  the  specimen  grating  frequency  at  250°?.  Instead,  the  reference  grating 
frequency  was  adjusted  to  produce  reasonably  sparce  patterns  at  room  temperature.  The 
reference  datum  was  arbitrary.  As  a  consequence,  unknown  gradients  (Jll/s*  »  C  and  3 V/3 y 
«  Cj)  must  be  added  to  the  U  and  V  patterns  to  reveal  the  absolute  displacement l .  What  13 
known,  however,  Is  that  C1  and  Cj  are  constants  throughout  the  field.  Consequently, 
relative  deformations  are  determined  by  the  fringe  patterns. 

5.  RESULTS 

Figure  5a  shows  that  the  strain  e  Is  essentially  constant  throughout  the  central 
region.  However,  Important  edge  ef f ects *occur  near  the  vertical  boundaries.  The  same 
condition  Is  depicted  In  Fig.  5b,  but  with  a  small  change  of  reference  grating  frequency  to 
Introduce  carrier  fringes  of  extension  [31.  This  enehances  the  visibility  of  the  edge 
effect  and  the  extraction  of  data. 

Figure  6a  shows  that  the  strain  e  Is  different  In  0  deg  and  90  deg  piles.  The  same 
condition  appears  In  Fig.  6b,  but  wlthy carrier  fringes  that  facilitate  data  extraction. 

The  difference  of  slopes  of  fringes  In  0  deg  and  90  deg  plies  shows  that  the  t  strains 
differ  by  0.45.  This  la  a  representative  value,  since  It  Is  evident  from  the  Variation  of 
slopes  throughout  the  pattern  that  the  strain  magnitudes  do  not  repeat  faithfully  on  a  ply- 
by-ply  basis.  The  deviations  are  attributed  to  variations  of  material  properties  In  the 
specimen. 

Figure  7a  shows  the  W  displacements  for  a  highly-enlarged  view  near  the  edge  of  the 
specimen.  The  reference  surface  was  adjusted  with  a  slight  Inclination  with  respect  to  the 
specimen  surface  to  produce  the  essentially  vertical  fringes.  The  pattern  3hows  that  the 
90  deg  piles  contracted  less  than  the  0  deg  plies,  and  protrude  0.3  to  0.5  jm  above  the  0 
deg  piles.  Again  unequal  deformations  of  corresponding  piles  Is  evident. 

These  bulges  occur  on  most  of  the  specimen  face,  but  not  at  the  vertical  corners 
(l.e.,  at  the  Intersections  of  vertical  faces  of  the  specimen).  There,  the  contraction  13 
constant.  Independent  of  ply  orientation,  and  the  contraction  Is  smaller  than  elsewhere  on 
the  surface.  Figure  7b  3hows  the  relative  profiles  along  the  centerlines  of  the  plies. 

This  edge  effect  Is  confined  to  a  very  narrow  region  near  the  corners. 

A  local  portion  of  the  U-fleld  Is  shown  In  Fig.  8.  Shear  strains  can  be  calculated  on 
an  absolute  basis  from  the  U  and  V  fields,  using  the  relationship 


,  3U  ^  3  V 
'  xy  3  y  3  x 


This  Is  because  the  unknown  parts  of  the  absolute  fringe  gradients  3TJ/3x  and  3V/3y  do  not 
alter  the  gradients  In  the  perpendicular  direction.  Conseiuently,  the  first  cross¬ 
derivative  In  Eq.  1  can  be  obtained  from  Fig.  8  and  the  second  from  Fig.  6.  The  result  Is 
sketched  In  Fig.  8  for  a  representative  Interlaminar  zone  between  0  deg  and  90  deg  piles. 
It  Is  seen  that  residual  shear  strains  near  the  free  surface  are  large,  about  It  strain, 
for  the  180°F  temperature  change.  The  effect  Is  localized  In  a  narrow  zone  along  the  free 
surface,  a  zone  whose  width  Is  equal  to  2  to  4  ply  thlckneses. 

This  property  can  be  generalized  for  the  present  experimental  method.  While  normal 
strains  can  be  determined  only  on  a  relative  basis,  the  shear  strains  can  be  determined  on 
an  absolute  basis. 


6.  CONCLUSIONS 


A  practical  method  was  developed  to  reveal  displacement  fields  Induced  by  residual 
thermal  stresses  In  a  cross-ply  composite  specimen.  High  sensitivity  moire  and  classical 
Interferometry  revealed  the  U,  V,  and  W  deformations.  A  specimen  grating  was  applied  to 
the  composite  at  Its  stress-free  cure  temperature  and  Its  deformation  was  measured  at  room 
temperature.  With  this  method,  normal  strains  are  determined  as  relative  values  only, 
while  shear  strain  are  determined  on  an  absolute  basis.  Free  edge  effects  were  observed 
within  2  to  #  ply  thicknesses  from  the  edge.  Interlaminar  shear  strains  of  1?  were 
measured  In  this  zone  for  a  180°F  change  of  temperature.  Numerical  values  are 
representative,  since  noteable  variations  occurred  throughout  the  specimen  In  piles  of  the 
same  fiber  direction. 
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Fig.  1  The  specimen  was  cut  from  a  thick-walled  cylinder 
and  a  specimen  grating  was  formed  on  the  xy  face. 
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Pig.  2  The  crossed-llne  specimen  grating  was  replicated  at  250°P. 
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Pig.  3  Apparatus  and 
relationships  for 
moire  Interferometry. 
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Pig.  A  Twyman-Oreen  Interferometer. 
Light  In  the  zeroth  diffraction 
order  of  the  specimen  grating  Is  used. 
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